During human walking, a sudden trip may elicit a Ia afferent fibre mediated short latency stretch reflex. The aim of this study was to investigate soleus (SOL) muscle mechanical behaviour in response to dorsiflexion perturbations, and to relate this behaviour to short latency stretch reflex responses. Twelve healthy subjects walked on a treadmill with the left leg attached to an actuator capable of rapidly dorsiflexing the ankle joint. Ultrasound was used to measure fascicle lengths in SOL during walking, and surface electromyography (EMG) was used to record muscle activation. Dorsiflexion perturbations of 6 deg were applied during mid-stance at walking speeds of 3, 4 and 5 km h −1 . At each walking speed, perturbations were delivered at three different velocities (slow: ∼170 deg s -1 , mid: ∼230 deg s -1 , fast: ∼280 deg s -1 ). At 5 km h −1 , fascicle stretch amplitude was 34-40% smaller and fascicle stretch velocity 22-28% slower than at 3 km h −1 in response to a constant amplitude perturbation, whilst stretch reflex amplitudes were unchanged. Changes in fascicle stretch parameters can be attributed to an increase in muscle stiffness at faster walking speeds. As stretch velocity is a potent stimulus to muscle spindles, a decrease in the velocity of fascicle stretch at faster walking speeds would be expected to decrease spindle afferent feedback and thus stretch reflex amplitudes, which did not occur. It is therefore postulated that other mechanisms, such as altered fusimotor drive, reduced pre-synaptic inhibition and/or increased descending excitatory input, acted to maintain motoneurone output as walking speed increased, preventing a decrease in short latency reflex amplitudes.
When a muscle is rapidly stretched, a short latency stretch reflex is elicited due to the excitation of Ia afferent fibres within the muscle spindles. In some human movements (e.g. hopping), this occurs naturally due to the high rate of stretch encountered by the muscles (Nicol & Komi, 1998; Voigt et al. 1998) . In slower movements such as walking, the stretch reflex may not be activated during the normal step cycle, but may be triggered in response to a sudden trip or balance disturbance (e.g. Nielsen & Sinkjaer, 2002; Grey et al. 2004 ). The precise role and contribution of the stretch reflex remains controversial. The excitability of the electrically evoked Hoffmann reflex (H-reflex) is reported to be smaller during walking than during standing (Capaday & Stein, 1986) , and smaller still during running (Capaday & Stein, 1987; Edamura et al. 1991 ). However, when the H-reflex is normalized to the maximally evoked M-wave adjusted to different phases of the step-cycle, statistically significant differences during walking and running are not observed (Simonsen & Dyhre-Poulsen, 1999) .
Although stretch responses to applied perturbations cannot be used to explain background locomotor EMG in normal unperturbed walking (Sinkjaer et al. 2000; Grey et al. 2004 Grey et al. , 2007 , this information is nonetheless useful in the examination of responses to sudden balance disturbances. Sinkjaer et al. (1996) found that in response to a rapid dorsiflexion stretch of the ankle joint in the mid stance phase, short latency stretch reflex (SLR) amplitudes increased with increasing walking speeds. This study provided valuable information about electrophysiological events in the human soleus muscle, but very little is known about the mechanical behaviour that occurs in a muscle J Physiol 587.13 in response to a rapid perturbation that elicits a stretch reflex.
Recent evidence suggests that during isometric contractions, the velocity at which the fascicles of the soleus muscle are stretched progressively decreases with increasing force levels in response to a constant external stretch (Cronin et al. 2008) . This is likely to be due to force-dependent alterations in the stiffness ratio between muscle and tendinous tissues (Rack & Westbury, 1984) . During a more complex activity such as human walking, very little is known about muscle fascicle stretch responses. Although it is not currently possible to measure muscle spindle output directly during human walking, muscle fascicle length may be a better indicator of this parameter than muscle-tendon unit length Maas & Lichtwark, 2009) . By combining the use of ultrasonography (Ishikawa & Komi, 2007) with a portable stretch device (Andersen & Sinkjaer, 1995; Andersen & Sinkjaer, 2003) , it is possible to simultaneously examine muscle fascicle behaviour and the associated stretch reflex responses. The purpose of this study was to investigate the interaction between muscle fascicle stretch behaviour and short latency stretch reflex responses to artificially induced stretch of the soleus muscle during human walking at different speeds. As muscle activation is known to increase at faster walking speeds (e.g. Edamura et al. 1991) , and this increases muscle stiffness relative to the stiffness of the tendinous tissues (Rack & Westbury, 1984) , it was hypothesized that muscle fascicle stretch velocity would decrease as walking speed increased, and that this could influence the amplitudes of the resulting stretch reflex responses.
Methods

Ethical approval
The experiments were approved by the local ethics committee (approval number N2008004), and conducted in accordance with the Declaration of Helsinki. All of the volunteers provided written informed consent prior to the experiments.
Subjects
Twelve healthy subjects (8 males and 4 females; age 27 ± 4 years; height 172 ± 9 cm; weight 69 ± 11 kg) with no history of neurological disorder volunteered to participate in this study.
Apparatus and instrumentation
Subjects walked on a treadmill (Woodway; Waukesha, WI, USA) with the left leg attached to a portable robotic actuator capable of eliciting a stretch reflex by rapidly dorsiflexing the ankle joint. The weight of the actuator was approximately 900 g. Full details of the device are presented elsewhere (Andersen & Sinkjaer, 1995; Andersen & Sinkjaer, 2003) . Briefly, the device consists of a functional joint that is aligned with the ankle axis of rotation of the subject and attached to the foot and leg with a polypropylene cast. The actuator is connected to an AC servomotor that applies torque to the functional joint through flexible Bowden cables. Ankle angle is measured with an optical encoder incorporated within the functional joint, and ankle velocity is determined by numerical differentiation of the ankle angular record. An ultrasound device (Alpha-10; Aloka, Japan) operating at a scanning frequency of 150 frames s −1 was used to measure fascicle lengths in the soleus (SOL) muscle during walking. The probe was secured over the skin surface with a custom-made polystyrene support device to minimise any probe movement relative to the muscle. The effectiveness of this approach has been confirmed by placing reference markers within view of the ultrasound image to confirm that the probe does not move in relation to the muscle (e.g. Magnusson et al. 2001) . The ultrasound settings were individually adjusted to optimise the contrast between muscle fascicles and connective tissues, which greatly aids the analysis process. The weight of the probe was approximately 130 g. The ultrasound apparatus was positioned by the side of the treadmill during the walking experiments. The reliability of the ultrasound method of fascicle length calculation was determined by calculating the coefficient of variation between three different trials at each stretch velocity and at each walking speed. The mean coefficient of variation for the present study was 6 ± 1%, which is similar to values reported previously (Ishikawa et al. 2003; Cronin et al. 2008) . The individual coefficients of variation for each experimental condition are reported in the Results section. EMG activity was recorded in the SOL muscle of the left leg using bipolar surface electrodes (Neuroline 720, Ambu, Denmark) with an inter-electrode distance of 2 cm. The EMG signals were band-pass filtered (10-1000 Hz). All EMG and ankle displacement signals were sampled at 2 kHz and stored for later analysis. A heel switch based on a force-sensitive resistor was placed in the insole of the left shoe to trigger the signal acquisition, and to synchronize the EMG, ankle trajectory and ultrasound data. An example of the experimental setup is shown in Fig. 1 .
Walking protocol
Subjects initially walked on the treadmill for 5-10 min at a speed of 3 km h −1 to become accustomed to the robotic actuator. At the end of this period, data were acquired from approximately 30 steps during normal unperturbed walking to generate control profiles of the ankle trajectory and SOL EMG activity. Average stance phase duration was then calculated as the time difference from heel contact to toe-off in the left leg, as defined by the heel switch signals. For the stretch reflex trials, recordings were made at three different walking speeds; 3, 4 and 5 km h −1 . The process of generating control profiles was repeated at each speed to ensure that the perturbations were elicited at the same relative time in the stance phase. To elicit stretch reflexes, dorsiflexion perturbations were imposed at approximately the mid-stance phase (between 41-43% of stance phase, see Results) at a rate of one perturbation every 5-10 steps. At each walking speed, perturbations were induced at three different mean velocities (slow: ∼170 deg s -1 , mid: ∼230 deg s -1 , fast: ∼280 deg s -1 ) in a random order, until a minimum of 30 trials were obtained at each stretch velocity and in the control condition (unperturbed walking). This resulted in the collection of at least 120 trials per subject at each walking speed. Perturbation velocities were selected to be sufficiently high to elicit a SLR response in all conditions, and three different velocities were chosen to examine the velocity dependence of fascicle stretch responses during walking. For all stretch trials, the perturbation amplitude was 6 ± 0.8 deg. At each walking speed, the subjects walked for l0-15 min without rest and all data were recorded within this time period. To ensure that data were recorded from similar steps, only perturbed steps with a maximal deviation within ±2% of the averaged control stride duration were included in the analysis.
Data acquisition and analysis
EMG signals were rectified, low-pass filtered (40 Hz), and ensemble averaged (25-30 trials at each perturbation velocity and each walking speed) to produce EMG profiles. Reflex amplitude and latency were then calculated from the averaged traces. To detect the onset latency of the reflex response, the averaged SOL EMG traces during control and perturbed steps were superimposed, and a window was defined from 20 to 60 ms after the stretch onset, which incorporates the physiological range for the onset of the SLR (e.g. Grey et al. 2004) . Within this window, the onset of the SLR was determined by visual inspection. The amplitude of the reflex response at a given perturbation velocity was measured as the peak EMG value within a 30 ms window placed over the SOL EMG record starting at the reflex onset. Reflex amplitude was quantified relative to the mean non-perturbed EMG within the defined window. The latter value was also used to represent background EMG. For the ultrasound analysis, an individual fascicle was identified in each image along its length between the superficial and deep aponeuroses. Fascicles were only chosen for analysis if they were visible throughout the entire stance phase. The selected fascicle was manually tracked frame by frame throughout the step cycle. Pennation angle was defined as the angle between the fascicle and the superficial aponeurosis, and average fascicle velocity was calculated by differentiating fascicle stretch amplitude with respect to time. For each subject and each condition, ultrasound data from three trials were analysed and averaged, and all subjects' data were then pooled. Three trials were analysed as the coefficients of variation were very small, and previous data from our laboratory have shown that the analysis of five trials has no effect on coefficients of variation compared to analysing just three (CV ranging J Physiol 587.13 between 5 and 6% in both cases; Cronin, N.J. unpublished observations). To select the trials to be analysed in a given condition, the three trials where the ankle range of motion was closest to that of the mean ankle range of motion were selected, to ensure that these trials were representative of the median response.
Statistics
Mauchly's test of sphericity was performed on the data, and repeated measures ANOVA was used to examine changes in EMG and fascicle parameters between different walking speeds and between different perturbation velocities. Bonferroni post hoc tests were used to identify the location of the differences, and to correct for multiple comparisons. Pearson's product-moment correlation was used to correlate stretch reflex amplitude and fascicle stretch velocity at different walking speeds. For all statistical tests, significant differences were determined based on a level of significance of P < 0.05. Results are presented as means ± S.D. unless otherwise stated.
Results
Using the methodology presented here, it was possible to induce perturbations corresponding to 6 ± 0.8 deg amplitude at different velocities to the ankle joint during the stance phase of human walking at different speeds. Data from one subject are presented in Fig. 2 . Regardless of the perturbation velocity and walking speed, a short latency stretch reflex response was clearly evident in the SOL EMG patterns, and a clear stretch of the muscle fascicles was observed in the ultrasound data. The mean coefficients of variation between the three selected ultrasound trials for each experimental condition were as follows: 4, 6 and 7% (slow, mid and fast, respectively) at 3 km h −1 ; 6, 5 and 3% at 4 km h −1 ; and 7, 7 and 6% at 5 km h −1 . The mean perturbation velocities induced at the ankle joint in the slow, mid and fast conditions were 172 ± 17, 231 ± 21 and 281 ± 23 deg s -1 , respectively. In order to ensure that these velocities were consistent between walking speeds, the slope and amplitude of the ankle angular displacement records were analysed in response to each perturbation condition. No significant differences in the perturbation parameters were observed between walking speeds at any of the perturbation velocities (P values between 0.218 and 0.713). These data confirm that a constant stretch was induced at the ankle joint between walking speeds. As variations in the timing of a perturbation within the stance phase can cause modulation of stretch reflex responses (e.g. Sinkjaer et al. 1996) , the onset of the perturbation was determined relative to the total stance phase duration at each walking speed. This analysis revealed that the perturbation timing did not significantly differ between walking speeds (43 ± 3% at 3 km h −1 , 41 ± 2% at 4 km h −1 and 41 ± 2% at 5 km h −1 ; P values between 0.592 and 0.881). Within a given walking speed, there was a general trend of a concurrent increase in stretch reflex amplitude and fascicle stretch velocity with increasing perturbation velocity (Fig. 3) . Reflex amplitude and fascicle stretch velocity were well correlated at all walking speeds, although the strength of the correlation was greatest at 4 km h −1 (Fig. 4) . As shown in Fig. 4 , when plotting reflex amplitude against fascicle stretch velocity, the slope of the relationship increased with faster walking speeds (from 2.32 at 3 km h −1 to 3.42 at 5 km h −1 ). When examining the differences between walking speeds, it is clear that as walking speed increased, background EMG also increased, while stride duration, pre-stretch fascicle length and fascicle length at the point of ground contact all decreased (Table 1 and Fig. 2 ). There was also a moderate, non-significant decrease in stretch reflex onset latency between 3 and 4 km h −1 (P = 0.262), which may have been due to estimation errors when identifying the latency. When pooling the data for the entire group of subjects, it is evident that the amplitude and velocity of the stretch to the muscle fascicles both decreased with increasing walking speeds ( Fig. 3A and  B) . This was true regardless of the perturbation velocity, although the patterns of modulation were somewhat different between velocities. Between the slowest and fastest walking speeds, fascicle stretch amplitude decreased by 34 ± 15%, 40 ± 17% and 38 ± 19% in the slow, mid and fast conditions, respectively. During the same intervals, fascicle stretch velocity decreased by 22 ± 20%, 23 ± 14% and 28 ± 16%, respectively. Concurrently, no changes were observed in stretch reflex amplitudes between walking speeds (Fig. 3C ).
Discussion
The main findings of this study were that in response to a constant dorsiflexion perturbation at the ankle joint, the amplitude and velocity of stretch to the soleus muscle fascicles decreased at faster walking speeds. Concurrently, no changes in stretch reflex amplitudes were observed between walking speeds. As stretch velocity is known to be a potent stimulus to muscle spindles (Stein & Kearney, 1995) , a decrease in the velocity of fascicle stretch at faster walking speeds would decrease spindle afferent feedback (Rack et al. 1983) . Accordingly, it may be anticipated that stretch reflex amplitudes would decrease at faster walking speeds, which was not observed in this study. Although muscle spindle output was not directly measured, the data suggest that other mechanisms may have acted to maintain motoneurone output as walking speed increased, effectively preventing a decrease in the amplitude of the short latency stretch reflex during movement, at least within the range of walking speeds examined here.
Before discussing the findings of this study, it is important to acknowledge some methodological issues. The weight of the portable stretch device used in this study was approximately 900 g, and the additional weight due to the ultrasound probe and support device was approximately 130 g. Although the addition of weight to both legs has been found to increase metabolic rate during walking (Soule & Goldman, 1969) , lower extremity kinematics and net muscle moments have been reported to remain unchanged (Browning et al. 2007 ). Furthermore, Figure 3 . Pooled data for the group (n = 12) A, fascicle stretch amplitude; B, fascicle stretch velocity; C, stretch reflex amplitude. Stretch reflex data were averaged from 25-30 trials per subject, and then pooled to produce the group average. For each subject, fascicle stretch responses are based on the average of 3 trials at each perturbation velocity and each walking speed. * , * * and * * * denote a significant difference from the previous walking speed at the P < 0.05, P < 0.01 and P < 0.001 levels, respectively. #,## and ### denote a significant difference from the previous stretch condition at the same significance levels. Background EMG (μV) 40 ± 18 51 ± 11 59 ± 18 * ## Stretch reflex latency (ms) 40.7 ± 3.0 39.5 ± 3.3 39.4 ± 3.1 Stride duration (ms) 791 ± 36 678 ± 32 * * * 589 ± 24 * * * ### L fa at ground contact (cm) 4.29 ± 1.17 4.06 ± 1.16 * * 3.83 ± 1.14 * * ### Pre-stretch L fa (cm) 4.44 ± 1.19 4.18 ± 1.16 * * * 3.96 ± 1.19 * * ### * , * * and * * * denote a significant difference from the previous walking speed at the P < 0.05, P < 0.01 and P < 0.001 levels, respectively. #,## and ### denote a significant difference from 3 km h −1 . L fa : fascicle length. For all variables, n = 12.
previous reports have confirmed that the natural gait pattern is not influenced while walking with this device attached (Andersen & Sinkjaer, 1995) , and the subjects in the present study reported no perceptible differences between the weight of each leg after the initial adaptation period. Nonetheless, as weight was only added to one leg in this study, the possibility cannot be excluded that weight imbalance affected our data. To ensure that the stretch applied by the functional joint was transmitted to the ankle joint of the subject, a very tight fitting was made between the calf and the foot of the subject and the functional joint. However, due to the high torque generation of the ankle extensors during walking (Winter, 1987) , it is likely that part of the stretch was absorbed by the tissues and fixtures surrounding the ankle joint, and the compliance of the functional joint itself. Therefore, the stretch of the ankle extensors may have been less than that of the functional joint, as previously hypothesized (Sinkjaer et al. 1996) . Nonetheless, the stretch device has been designed with the aim of minimizing this error, and visual inspection of the ultrasound images during the experiments confirmed that a perturbation of the functional joint was transmitted to the ankle joint and soleus muscle fascicles at all walking speeds and stretch velocities. It should be noted that the use of imposed perturbations with fixed parameters is not necessarily representative of a trip occurring during human walking. Furthermore, in contrast to a previous study based on similar methodology (Grey et al. 2007) , it was not possible to measure muscle forces in this study due to space limitations imposed by the combination of the perturbation and ultrasound devices. Notwithstanding, the methodology presented does facilitate the study of mechanical stretch responses under controlled conditions. One further consideration is whether the stretch responses observed in one region of the muscle are representative of the stretch responses throughout the muscle. As this is the first study to examine fascicle responses to rapid perturbations during human walking, the effects of stretch inhomogeneity are unknown. Numerous studies in animals and humans have reported uniform fascicle behaviour within a muscle during active contractions (Maganaris & Baltzopoulos, 1999; Kawakami et al. 2000; Muramatsu et al. 2002; Soman et al. 2005) and during unperturbed human walking (Lichtwark et al. 2007 ). However, recent data have been presented that contradict this notion in guinea fowl (Higham et al. 2008) and frogs (Ahn et al. 2003) . Further investigation is required in human soleus muscle fascicles to resolve whether stretch homogeneity is a valid assumption in response to mechanical perturbations. With increasing force production, the stiffness ratio of the muscle-tendon unit is progressively altered in favour of the muscle fibres. As the distribution of a stretch between muscle and tendinous tissues depends on their relative stiffnesses (Rack & Westbury, 1984) , this alteration decreases the stretch that is distributed to the muscle fascicles, as observed in the present study in the human soleus as walking speed (and presumably also force level) increased. Muscle spindles only respond to the movement of the muscle fibres in which they are situated, so their view of a stretch is partly dependent on the distribution of the movement between muscle fibres and tendon (Rack & Westbury, 1984) . Therefore, one might expect that a decrease in the amplitude, and particularly the velocity of the stimulus to the muscle fascicles, would decrease the firing rate of group Ia afferents. However, no changes were observed in short latency stretch reflex amplitude between the walking speeds that were examined in this study. This result differs from a similar previous study where SLR amplitude generally increased with walking speed (Sinkjaer et al. 1996) . The reason for this discrepancy is unclear, although it should be noted that data from the previous study were only obtained from six subjects, and no changes in SLR amplitude were observed between walking speeds in two of the subjects. Therefore, it may be difficult to draw reliable conclusions based on such a small sample. In any case, both studies suggest that SLR amplitude is at least maintained with increasing walking speed in response to a constant perturbation.
In the present study, a number of mechanisms may have acted to compensate for changes in spindle afferent feedback at faster walking speeds. For example, pre-synaptic inhibition may have decreased with increasing walking speed. A decrease in afferent feedback from Ia fibres may also have been offset by an increase in descending drive to the motoneurones (see for example Nielsen & Sinkjaer, 2002) . Alternatively, Sinkjaer et al. (1996) suggested that during walking, muscle spindle tension may be maintained by a combination of the eccentric contraction that the ankle extensors undergo in the stance phase, and an increased fusimotor drive to the muscle spindles concurrent with the increased α-motoneurone activity. This would remove slack from both extrafusal and intrafusal muscle fibres, thus preventing unloading of the muscle spindles when the extrafusal muscle fibres shorten (Proske et al. 2000) , and elevating muscle spindle sensitivity (Taylor et al. 2006) . In addition to a general increase in gamma drive during locomotion, previous authors have suggested more specifically that dynamic fusimotor activity may increase as movement speed increases (Prochazka & Hulliger, 1983; Sinkjaer et al. 1996) , thus contributing to the monosynaptic excitation of α-motoneurones (Taylor et al. 1985; Greer & Stein, 1990; Bennett et al. 1996) . It should be noted that the fusimotor system has been suggested to be fully activated by 20-25% of maximum muscle force (e.g. Proske, 2006) . Therefore, at higher force levels or faster speeds of locomotion (such as running), the influence of this mechanism may be less significant. It is of course possible that some combination of the above mechanisms was operative during the conditions studied here.
In conclusion, the results of this study demonstrate a decline in the amplitude and velocity of stretch of the soleus muscle fascicles in response to a constant external ankle joint rotation with increasing walking speed. As the decreased stretch amplitude and velocity would be expected to decrease the afferent feedback coming from muscle spindles (Rack et al. 1983) , and since the stretch reflex amplitudes were unchanged according to our data, it is likely that contributions from other mechanisms served to compensate for decreases in spindle afferent feedback, thus preventing a decline in stretch reflex amplitudes in response to perturbations at faster walking speeds.
